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In associative charge transfer (ACT) reactions, a core ion activates ligand molecules by partial charge transfer.
The activated ligand polymerizes, and the product oligomer takes up the full charge from the core ion. In the
present system, benzene+• (Bz+•) reacts with two propene (Pr) molecules to form a covalently bonded ion,
C6H6

+• + 2 C3H6 f C6H12
+• + C6H6. The ACT reaction is activated by a partial charge transfer from Bz+•

to Pr in the complex, and driven to completion by the formation of a covalent bond in the polymerized
product. An alternative channel forms a stable association product (Bz‚Pr)+•, with an ACT/association product
ratio of 60:40% that is independent of pressure and temperature. In contrast to the Bz+•/propene system,
ACT polymerization is not observed in the Bz+•/ethylene (Et) system since charge transfer in the Bz+•(Et)
complex is inefficient to activate the reaction. The roles of charge transfer in these complexes are verified by
ab initio calculations. The overall reaction of Bz+• with Pr follows second-order kinetics with a rate constant
of k (304 K) ) 2.1 × 10-12 cm3 s-1 and a negative temperature coefficient ofk ) aT-5.9 (or an activation
energy of-3 kcal/mol). The kinetic behavior is similar to sterically hindered reactions and suggests a [Bz+•

(Pr)]* activated complex that proceeds to products through a low-entropy transition state. The temperature
dependence shows that ACT reactions can reach a unit collision efficiency below 100 K, suggesting that
ACT can initiate polymerization in cold astrochemical environments.

I. Introduction

We recently reported a novel class of ion-molecule reactions
that are charge-transfer driven by the formation of covalent
bonds.1,2 In these reactions, gas-phase molecules form a cluster
around a core ion that activates the ligand molecules by partial
charge transfer. The activated molecules dimerize with covalent
bond formation, whose exothermicity drives the reaction. The
dimerized product has low ionization energy (IE) and takes up
the full charge from the core ion. These processes may be called
associative charge transfer (ACT) reactions. Analogous pro-
cesses in protonated systems lead to the formation of hydrogen
bonds in associative proton transfer (APT) reactions.3-6

These systems may require a sufficiently large cluster to make
the reactions energetically feasible. Such size-specific reactions
have been studied in preformed clusters generated by supersonic
beam expansions.7-12 However, in our reaction systems, clusters
need to be assembled stepwise until a sufficiently large cluster
is formed to allow the reaction to take place. The rate of the
overall reaction may be then affected by the kinetics of both
the cluster formation and the intracluster reaction.

The buildup of the clusters is facilitated at low temperatures,
and the rates of the overall ACT or APT reactions can increase
with decreasing temperature. In fact, we recently observed an
APT reaction with an unprecedented large negative temperature
coefficient.5,6 In that reaction, the proton transfer from C6H6

+•

to four or more H2O molecules forms hydrogen-bonded water
clusters (H2O)nH+ with a temperature coefficient ofk ) aT-67

( 4 (or an activation energy of-34 kcal/mol).
Because of the basic similarity of the ACT and APT

mechanisms, it is of interest whether ACT reactions also have

negative temperature coefficients. We studied ACT reactions
in the toluene+•/isobutene and benzene+•/propene systems.1,2 In
these reactions, the charge is transferred from the ionized
aromatic to two olefin molecules that condense to form a
covalently bonded dimer ion, as shown in reaction 1 for the
benzene+•/propene system.

In this system, the charge transfer from C6H6
+• to a single C3H6

molecule would be endothermic by 11.2 kcal/mol, but the overall
reaction with two C3H6 molecules to form a covalent product
such as 3-hexene+• is exothermic by 30( 1 kcal/mol.13

Therefore, the formation of a dimer ion makes the overall
process of charge transfer and covalent condensation signifi-
cantly exothermic.

The mechanism of these new reactions and their dependence
on temperature and pressure are of fundamental interest and
are also relevant to their possible roles in gas-phase polymer-
ization and in astrochemistry. For example, applications of these
reactions in developing novel initiation methods for the gas-
phase polymerization of olefin monomers could provide sig-
nificant contributions not only to basic polymer science, but
also to technological applications such as the synthesis of defect-
free, uniform thin polymeric films with advanced properties.14

Also, the role of charge transfer from ionized aromatics in the
formation and growth of large hydrocarbon ions at lower
temperatures is relevant to many astrochemical processes in
interstellar medium.15

In our previous studies of ACT reactions, selective ionization
of the aromatic component was necessary to avoid direct
ionization of the olefin monomer. For this reason, we used
resonant two-photon ionization coupled with high-pressure mass
spectrometry (R2PI-HPMS) in which the aromatic component
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was ionized selectively. In the present work, we employ the
mass-selected ion mobility technique in which the benzene
radical cation is generated separately and then injected into a
mixture containing only the olefin molecules and a third-body
inert gas without the neutral aromatic molecules. This would
allow for the temperature and pressure studies of reaction 1 and
avoid possible kinetic and mechanistic complications due to the
formation of the benzene dimer cation. We also provide a
theoretical study of the structures and energetics of the species
involved in the ACT process.

II. Experimental and Computational Methods

The experiments were conducted using the Virginia Com-
monwealth University (VCU) ion mobility mass spectrometer
that was described previously.16,17The mobility cell was heated
by cartridges or cooled by liquid nitrogen. The temperature was
monitored at several locations in the cell to ensure thermal
homogeneity. Benzene ions C6H6

+• (i.e., Bz+•) were formed by
electron impact, mass selected, and injected into a mixture of
propene in He carrier gas in the mobility cell. After transiting
the mobility cell, the ions exited through a pinhole and were
detected by a quadrupole mass spectrometer. The injection was
pulsed and peaks of arrival time distributions (ATDs) were
collected, with the peak areas representing the intensities of the
ions.

The structures of the C6H6
+•(C3H6)1,2 and C6H6

+•(C2H4)
cations were optimized at the ROHF/6-31+G(d,p) level of
theory using the Gaussian 03 (G03) software package.18 The
optimization was verified by calculating the vibrational frequen-
cies. The binding energies were calculated using MP2 energies
on the optimized ROHF/6-31+G(d,p) structures and corrected
for the zero-point energies (ZPEs) and the basis-set superposition
error (BSSE). The BSSE was calculated using the counterpoise
method, as implemented in the G03 software. The charge on
each component within each cluster was calculated by adding
all atomic Mulliken charges.

III. Results and Discussion

1. ATDs.Figure 1 displays a typical mass spectrum obtained
following the injection of C6H6

+• into a propene/He mixture in
the mobility cell. As expected, both the adduct channel C6H6

+•-
(C3H6)n and the condensation channel (C3H6)n

+• are observed.
At higher concentrations of propene (propene number density
N[C3H6] > 1014 molecules/cm3), the (C3H6)n

+• ions with n )
2-6 become the major products, while the C6H6

+•(C3H6)n ions
with n ) 1-3 are the minor products.

Figure 2 displays the ATDs of the ions in the Bz+•/Pr (Bz+•/
C3H6) system. The graph is divided into two parts showing the
Bz+•(Pr)n adducts and Prn

+• polymerization products. The
smallest ions C6H6

+• and (C3H6)2
+• with the highest mobilities

arrive first in the two groups, respectively. The ATD peak shapes
of the higher adducts in both groups are skewed to longer times,
characteristic of large slower product ions that build up in the
cell as the reactant ion moves along the cell and arrives at the
exit hole after the faster reactant ions. Importantly, the ATD
peaks of the adducts Bz+•(Pr)n do not overlap with the ATD
peak of the Bz+•. This indicates that the adducts are not in
association equilibrium with Bz+•, but rather the association is
irreversible under these conditions. The irreversible adducts may
be covalently bonded propylbenzene ions, or noncovalent
clusters.

2. Pressure and Temperature Effects on the Rate Coef-
ficients. In the experiments, we observe the disappearance of
the injected Bz+• ion and the formation of two primary products
Pr2+• and Bz‚Pr+• in parallel. Further Pr molecules add
subsequently to each of the primary products.

First-order rate constants for the reaction of the injected Bz+•

ions into both channels were measured by varying the ion
residence times and using the relation ln([Bz+•]t/[Bz+•]o) ) -k1t
where the term on the left-hand side is calculated from the
intensity of the Bz+• reactant ion as a fraction of the total ion
intensity, that is, [Bz+•]t/[Bz+•]o ) [Bz+•]/([Bz+•] + Σ-
[Products]+•). Here,k1 is the pseudo-first-order rate coefficient
of Scheme 1, and the second-order rate coefficientk2 is
calculated fromk1 ) k2[N(Pr)], whereN(Pr) is the number
density (molecules/cm3) of propene in the mobility cell. Rate
coefficients for each of the competitive channels were calculated
using the normalized ion intensities of the products,k1 (ACT)
) k1I(Pr)2+•/[I(Pr)2+• + I(Bz‚Pr)+•], andk1 (association)) k1-
(Bz‚Pr)+•/[I(Pr)2+• + I(Bz‚Pr)+•]. The intensities of the consecu-
tive higher adducts of each channel were added to the respective
primary ions.

The results of the pressure studies are shown in Table 1. The
pressure of the He bath gas could be varied only between 1.0
and 1.9 Torr, with only a slight increase ink2, within
experimental error. Effects of the partial pressure of propene

Figure 1. Mass spectrum obtained following the injection of C6H6
+•

into a mixture of propene (15 mTorr) in He (2090 mTorr) at 302 K.

Figure 2. ATDs of ions observed following the injection of C6H6
+•

into a mixture of 58 mTorr of propene in 2.05 Torr of He atT ) 301
K and injection energy) 15 eV (lab.).

SCHEME 1
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were tested over a wider range, and also showed little effect.
At 271 K, while P(Pr) changed by a factor of 5,k2 and the
product distribution in the ACT channel increased only slightly.
At 245 K, whileP(Pr) changed by a factor of 7.5, the values of
k2 and the product distribution remained constant within the
experimental error. These results agree with our previous limited
three-point pressure study in Ar carrier gas that also showed
no significant change ink2 with P(C3H6) and withP(Ar).2 The
pressure studies therefore indicate second-order or pseudo-
second-order kinetics in the measured pressure range, although
the overall reaction involves Bz+• and two Pr molecules.

Table 2 and Figure 3 show the temperature dependence of
k2 between 176 and 372 K. The measurements were performed
by keeping the number densities constant atN[He] ) 6.9 ×

1016 andN[C3H6] ) 1.2 × 1015 molecules/cm3 throughout the
temperature range.

The overall rate coefficient and the rate coefficients into the
ACT and association channels increase with decreasing tem-
perature. The results are consistent with our previous observation
of a negative temperature coefficient for this reaction in a more
limited study using the R2PI-HPMS technique.2 The product
distribution, expressed as the fraction of reaction into the ACT
channel, is constant within the temperature range, except for
some decrease at the highest temperature; however, where the
reactions are slow, the results are subject to error.

For reactions with negative temperature coefficients, the
temperature dependence is usually expressed in the Arrhenius
form k ) A exp(-Ea/RT) or in a power law form ask ) aT-n

following Rice-Ramsperger-Kassel-Marcus (RRKM) theory
considerations of the complex.19 In the association reaction N2

+•

+ N2 f N2
+• (N2), we showed that the plot of the power law

form, rather than the Arrhenius plot of lnk versus 1000/T was
linear over a wide temperature range.20 Figure 3 shows both

TABLE 1: Pressure Effects on the Rate Coefficient of the
Reaction of Benzene+• with Propene and on the Product
Distribution, in Terms of the Fraction of Reaction into the
Propene Dimer Channel

Effect of the bath gasP(He), at constant
P(Propene)) 10 mTorr, atT ) 274 K

Ptotal (mTorr) k2 (cm3 s-1)a fraction ACT

1004 1.7× 10-12 0.47
1320 1.4× 10-12 0.52
1606 1.8× 10-12 0.58
1905 2.0× 10-12 0.58

Effect of the propene partial pressureP(propene) at constant
total pressureP(propene)+ P(He) ) 1091 mTorr, atT ) 271 K

Ppropene(mTorr) k2 (cm3 s-1)a fraction ACT

10 2.0× 10-12 0.58
21 2.2× 10-12 0.66
30 2.4× 10-12 0.69
40 2.3× 10-12 0.63
50 2.6× 10-12 0.72

Effect of the propene partial pressureP(propene) at
constantP(propene+ He) ) 1700 mTorr, atT ) 245 K

Ppropene(mTorr) k2 (cm3 s-1)a fraction ACT

4 4.7× 10-12 0.52
9 4.0× 10-12 0.60

20 4.5× 10-12 0.68
30 4.3× 10-12 0.66

a Second-order rate coefficient with respect to propene, calculated
from the measured pseudo-first-order rate coefficient usingk2 ) k1/
[N(propene)].

TABLE 2: Temperature Effects on the Rate Coefficients for
the Total Reaction, and for Reactions into the ACT Channel
to Form C6H12

+• and into the Association Channel to Form
the C6H6

+•‚C3H6 Adducts

T (K) k2 (total)a k2 (ACT)a k2 (assoc)a fraction ACT

372 0.3 0.1 0.2 0.34
352 0.4 0.2 0.2 0.47
323 0.5 0.4 0.2 0.68
306 1.0 0.7 0.4 0.64
304 1.4 1.0 0.4 0.71
271 2.4 1.6 0.8 0.66
245 4.3 2.8 1.5 0.66
234 4.6 2.7 1.9 0.58
215 7.9 4.8 3.1 0.60
215 8.9 5.4 3.5 0.62
195 16.2 10.1 6.1 0.63
176 21.8 13.1 8.7 0.60

a Units given in 10-12 cm3 s-1, with an estimated uncertainty of
(20%. Measurements were carried out at constant number densities
of N[He] ) 6.9× 1016 andN[C3H6] ) 1.2× 1015 molecules/cm3 at all
temperatures.

Figure 3. Temperature dependence of the rate coefficients for the
overall reaction, the ACT channel to form C6H12

+•, and the association
channel to form the (C6H6‚C3H6)+• adduct plotted in three functional
forms: (A) k2 vs T, (B) ln k2 vs ln T, and (C) lnk2 vs 1000/T. Linear
regression correlation coefficients (slope, intercept) and standard
deviations (in parentheses) are, for ln k vs 1000/T, total reaction: 1.5
(0.1),-32.6 (0.4); ACT: 1.6 (0.1),-33.5 (0.6); association: 1.4 (0.1);
-33.2 (0.3). For ln k vs ln T (K), total reaction:-5.9 (0.2), 6.4 (1.2);
ACT: -6.4 (0.4), 8.1 (2.2); association:-5.7 (0.3), 3.9 (1.8).
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types of plots, that is, lnk2 versus lnT and lnk2 versus 103/T,
for the overall reaction and the reactions into the ACT and
association channels. Both types of plots are linear in the
observed range, with some scatter.

The statistics of the plots are shown in the caption of Figure
3. From the slope of lnk2 versus lnT, we obtain a temperature
coefficient ofk2 ) aT-5.9, while, from lnk2 versus 1000/T, we
obtain an activation energy of-3.0 kcal/mol. The average
value ofk2 ) 2.1× 10-12 cm3 s-1 at 273( 2 K from Table 1
yields the functional forms ofk2 ) 496T-5.9 cm3 s-1 in the
exponential form, ork2 ) 8.58× 10-15e3000/RT in the Arrhenius
form.

Given the negative temperature dependence, the rate coef-
ficient for the overall reaction can reach unit collision efficiency
if k2 assumes the capture collision rate of about 10-9 cm3 s-1.
This will occur at 96 K using the power law equation or at 129
K using the Arrhenius equation. Since the product distributions
seem to be independent of temperature (Table 2 and Figure 3),
the majority of the product (about 60%) will be the ACT
condensation product Pr2

+• also at these low temperatures. In
other words, below about 100 K, the ACT reaction can approach
unit collision efficiency. ACT, maybe from ionized polycyclic
aromatics, can therefore be efficient for inducing polymerization
at low temperatures, as in planetary atmospheres and interstellar
clouds.

3. Temperature and Pressure Effects and the Reaction
Mechanism. (i). Indications of Steric Control. The slow rate
of reaction 1 and its negative temperature coefficient are similar
to sterically constrained bimolecular reactions, such as hydride
and proton transfer in hindered compounds.20-24 The role of
entropy barriers in these reactions were discussed using transi-
tion-state theory (TST).19,21-24 The double-well model of ion-
molecule reactions also relates slow kinetics to constrained
transition states.25,26

In these models, the initial reaction complex can back-
dissociate to reactants through a high-energy, high-density-of-
states (high entropy) transition state, or proceed forward through
a low-energy, low-density-of-states (low entropy) transition state.
In TST terms, the competitive rates of back-dissociation (kb)
or product formation (kp) are given by lnkp/kb ) (∆H‡

b -
∆H ‡

p)/RT- (∆S‡
b - ∆S‡

p)/R, where the∆H ‡ and∆S‡ terms
correspond to the transition states. At high temperatures, the
entropy terms dominate, and, since∆S‡

b . ∆S‡
p andkb > kp,

back-dissociation is favored, and the reaction is slow. Con-
versely, at low temperatures, the enthalpy terms dominate, and,
since∆H ‡

b . ∆H ‡
p andkp > kb, product formation is favored,

and the reaction is fast.
Reaction 1 shows these kinetic features, which suggest that

the products are formed through low-entropy (low-probability)
complexes. In fact, the ab initio calculations below show strict
geometrical requirements for activating ACT polymerization in
the Bz+•(Pr) complex, in other words, a complex with a small
conformational entropy. The temperature and pressure studies
below are also consistent with this model.

(ii). Temperature Effects. The rate coefficients and their
temperature and pressure effects suggest a sequence of steps in
the initial stages of the reaction presented in Scheme 1, as
discussed below. (For simplicity, the added neutral Pr molecules
are omitted on the upper left side of the scheme.)

The magnitude ofk2 is in the range of 10-13-10-11 cm3 s-1

in our temperature range. This is slower by 2 to 4 orders of
magnitude than the collision rate of about 10-9 cm3 s-1, showing
that most of the initial complexes (Bz+•Pr)* dissociate back to
reactants.

Quantitatively, the competition between the forward reaction
and back-dissociation of the initial complex (Bz+•(Pr))* in
Scheme 1 leads to eq 2 forkf, the overall forward rate
coefficient.

Here,kc is the collision rate coefficient,kp ) kACT + kassocis
the total rate coefficient of reactions leading to the products,
andkb is the rate coefficient for back-dissociation. Sincekf ,
kc, it follows from eq 2 thatkp/(kb + kp) , 1 andkb . kp, that
is, the back-dissociation is much faster than the reaction into
the product channels.

The combination of energies and densities-of-states of the
transition states (or activation enthalpies and entropies) leads,
at high temperatures, tokb . kp, and eq 2 reduces tokf ) kckp/
kb , kc, that is, the reaction proceeds with low collision
efficiency. In contrast, at low temperatures wherekb , kp, eq
2 reduces tokf ) kc, and the reaction becomes faster as it
approaches unit collision efficiency. Extrapolating the observed
temperature coefficients shows that this transition from slow
to fast kinetics will occur below 100 K. In fact, we observed
such transitions from slow to fast kinetics in hydride transfer
reactions of sterically hindered hydrocarbons and in proton
transfer reactions of sterically hindered amines and pyridines.21-24

(iii). Pressure Effects.We noted that the kinetics of reaction
1 are similar to sterically constrained bimolecular transfer
reactions. However, the present reactions are not bimolecular
transfer reactions but association processes where multibody
interactions can lead to third-order kinetics. This section will
discuss this question and show that the pressure effects support
the temperature effects in indicating a rate-controlling step of
unimolecular rearrangement through a constrained transition
state.

The ACT channel of reaction 1 requires a three-body Bz+•-
(Pr)2 complex, and association reactions that form adducts such
as Bz+•(Pr) could often require collisional stabilization by He.
If the initial complex (Bz+•(Pr))* leads directly to these products,
then competitive reactions of the complex would yield eqs 3
and 4.

Here, [He] and [Pr] are the number densities of propene and
helium. Through eqs 3 and 4, the ACT channel would follow
third-order kinetics with respect to Pr, the association reaction
would follow third-order kinetics with respect to He, and the
ACT/association ratio would be proportional to [Pr] and
inversely proportional to [He].

The results in Table 1 do not show these pressure effects.
Rather,k2 and the product ratio vary little with He within experi-
mental error. This is consistent with our previous study2 in which
k2 was independent of [Ar], and the rate coefficient measured
there agrees with the present results within a factor of 2, al-
though Ar is a significantly more efficient third body than He.

The lack of pressure dependence could be consistent with
pseudo-second-order association. This could occur by the direct
stabilization of the initial (Bz+•(Pr))* complex under conditions
wherekassoc[He] . kACT[Pr] + kb in eq 4, which then reduces
to kf,assoc) kc, that is, the association would reach unit efficiency

kf ) kckp/(kb + kp) (2)

kf,ACT ) kc

kACT[Pr]

kACT[Pr] + kassoc[He] + kb

(3)

kf,assoc) kc

kassoc[He]

kACT[Pr] + kassoc[He] + kb

(4)
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under these conditions. Similarly,kf,ACT could approach unit
efficiency with increasing [Pr]. However, this limiting fast
kinetics does not occur under our conditions.

In other words, the reaction does not show the expected
pressure effects of three-body reactions where the initial reaction
complex (Bz+•(Pr))* would react directly with He or Pr. Rather,
the kinetics are similar to slow bimolecular reactions through
constrained transition states.

These considerations suggest that the rate-controlling process
in reaction 1 is the unimolecular rearrangement of the initial
complex (Bz+•(Pr)) through a low-entropy transition state (or
competing transition states) to form secondary complexes. One
of the secondary complexes, (Bz+•Prδ+)*, reacts with Pr to yield
the ACT product, while the other complex (Bz‚Pr)+•* leads to
the stable adduct. The unimolecular reactions of the (Bz+•(Pr))*

complex, and therefore the overall rate and the product
distribution, are then independent of the partial pressures of He
and Pr, as observed here.

The present studies were conducted at [Pr] number densities
in the range of 1014-1015 molecules/cm3. In our previous study,
at lower [Pr] values of 1013-1014 molecules/cm3, the ACT/
association product ratio increased proportionally with [Pr].2 In
the present work, we noted a similar trend at 370 K, and Table
1 shows a slight effect at 271 K but not at 245 K. It appears
that the (Bz+•Prδ+)* ACT complex may rearrange slowly to
the (Bz‚Pr)+•* association complex, especially at higher tem-
peratures, as indicated by the down arrow in Scheme 1. How-
ever, competition by collision with Pr eliminates this rearrange-
ment, even at low [Pr] values of about 1015 molecules/cm3.

A further feature of Scheme 1 is that the unimolecular
processes corresponding tokp(ACT) andkp(assoc) are irrevers-
ible. The lack of pressure dependence suggests that these rates
are faster than collisions with He, on the order of 10-7 sec-1

over the observed temperature range. In other words, the initial
complex rearranges rapidly to the reactive complexes, which
are stabilized by noncollisional mechanisms, as indicated by
the lack of pressure effects. Such fast radiative stabilization may
be possible in these large complexes with many vibrational
degrees of freedom. This mechanism would allow ACT reac-
tions in low-density astrochemical environments.

In summary, the slow rates, negative temperature coefficients,
and pressure effects all suggest that the rate-controlling step is
the unimolecular rearrangement of the initial complex [Bz+•-
(Pr)]* through a constrained transition state or states. The sec-
ondary complex (Bz+•Prδ+)* that is formed in this rearrange-
ment reacts with Pr in the ACT channel, and the alternative
(Bz‚Pr)+•* secondary complex leads to the stabilized adduct.

4. Some Analogous Reaction Systems.(i). Bz+•/Ethylene.
In reaction 1, propene is activated for polymerization by partial
charge transfer from Bz+•, and, similarly, isobutene is activated
by charge transfer from toluene+•.1,2 Charge transfer in these
systems is possible because the difference between the IEs of
the olefins and the core aromatics is small. To explore the limits
of reactivity in aromatic ion/olefin systems, we injected Bz+•

into ethylene (Et) vapor, where IE(C2H4) ) 10.5 eV leads to a
large difference of 1.3 eV from IE(Bz)) 9.24 eV, and charge
transfer in the complex may be too inefficient to initiate
condensation. Other than this factor, an ACT reaction similar
to reaction 1 could produce a C4H8

+• ion, for example,
2-butene+• with an exothermicity of 30( 1 kcal/mol,13 similar
to the exothermicity of reaction 1. The product could retain the
charge since IE(2-butene)) 9.1 eV is lower than that of Bz.

We injected Bz+• into ethylene vapor under various conditions
at temperatures from 303 to 197 K. We observed only Bz+•

and the Bz+•(Et) and Bz+•(2Et) adducts but not the dimer C4H8
+•

or its further adducts with Et, as shown in the mass spectra
displayed in Figure 4. Condensation similar to reaction 1 was
not observed, even at low temperatures where reaction 1 in Bz+•/
Pr becomes increasingly fast. Another possibility at low
temperatures would be that the observed Bz+•(2Et) adduct could
react with a third Et molecule to yield a C6H12

+• ion. However,
this product was also not observed.

In summary, although condensation reactions similar to
reaction 1 would also be strongly exothermic in Bz+•/Et, they
are not observed. Apparently, the large IE difference between
Bz and Et prevents sufficient partial charge transfer in the
complex that could initiate ionic polymerization. This is
supported by the ab initio calculations that indicated that most
of the charge in the Bz+•/Et complex remains on benzene (see
below). The absence of an ACT reaction in Bz+•/Et therefore
supports the importance of intracomplex charge transfer to
initiate ion polymerization.

(ii) Pyridine+•/Propene.This system is of interest since the
IE(Pyridine)) 9.26 eV is nearly identical to the IE(Bz)) 9.24

Figure 4. Mass spectra obtained following the injection of C6H6
•+

into 670 mTorr of ethylene in 1.460 Torr of an ethylene/He mixture at
a 15 eV (lab.) injection energy at different temperatures. The main
ions observed are Bz•+ (m/z 78) and the adducts Bz•+(Et) (m/z 106)
and Bz•+(2Et) (m/z 134).

Figure 5. Mass spectra obtained following the injection of pyridine+•

into 62 mTorr of ethylene in 2.066 Torr of helium (top panel) and into
300 mTorr of propene in 1.950 Torr of He (bottom panel) at 305°K
and a 15 eV injection energy (lab.).
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eV. Therefore, similar to Benzene+•, Pyridine+• could also form
a Py+•(Pr) complex with sufficient charge transfer to initiate
polymerization. However, the mass spectrum of this system,
displayed in Figure 5, shows that Pyridine+• reacts with C3H6

only by H atom transfer to form protonated pyridine C5H5NH+

(the H transfer from C3H6 to Py+• is exothermic by 33.8 kcal/
mol),13 or to form the adduct Pyridine+•(Pr). Apparently, this
adduct does not react with Pr to form C6H12

+• since we did not
observe this product. Similar results were found for the reaction
of Pyridine+• with ethylene, and only protonated pyridine and
the Pyridine+•(Et) adduct were observed as shown in Figure 5.

In a related study, we observed that Pyridine+• reacts with
benzene to form a covalent adduct.27 It appears that, in Py+•-
(Pr), the propene ligand may be similarly covalently bonded,
preventing polymerization with further propene molecules.

5. Computational Results.The structures and charge dis-
tributions of the monomers Bz+• and Pr and of the complexes
Bz+•Pr and Bz+•(2Pr) are shown in Figure 6. We may assume
that Bz+• induces ionic dimerization by partial charge transfer
to Pr and Pr2 in the complexes. Three isomers with local energy
minima were obtained for the C6H6

+•(C3H6) complex, as shown
in Figure 6. In isomer A, the propene molecule is located in

the plane of the benzene with one of the benzene hydrogens
pointing to the center carbon of the propene with a distance of
3.004 Å. In this isomer, 96% of the charge is located on the
benzene molecule, while 4% is on the propene. Isomers B and
C have the propene molecule above the benzene ring. In isomer
B, the propene molecule is partially aligned on top of the
benzene ring, whereas, in isomer C, the propene molecule is
fully above the benzene ring. The alignment of the propene
molecule above the benzene ring has strong correlation with
the charge distribution. In isomer B, 95% of the charge is still
on the benzene ring, whereas, in isomer C, 91% of the charge
is located on the propene molecule.

This specific geometry requirement for internal charge transfer
may account for the steric kinetic effects discussed above. The
calculations suggest that there may be many accessible confor-
mations of comparable energy, but only conformations in a
restricted geometry range can react. The low conformational
entropy of the reacting complex leads to the slow rates and
negative temperature coefficients, as discussed above.

Charge transfer to propene also affects the geometry of the
ligand. Notice the change in the CdC and C-C distances of
the propene in isomer C compared to neutral propene. In isomer

Figure 6. Optimized structures of C3H6, C3H6
+•, and C6H6

+•(C3H6)1,2 at the ROHF/6-31+G(d,p) level. Bond lengths are given in angstroms;
Mulliken atomic charges are in italics, while the charge on each molecule within each cluster is given in bold. The total energiesE(a.u.), using MP2
energies on ROHF/6-31+G(d,p) geometry and corrected BSSE and ZPE, of C3H6, C3H6

+•, C6H6
+•, C6H6

+•(C3H6) (A), C6H6
+•(C3H6) (B), C6H6

+•-
(C3H6) (C), and C6H6

+•(C3H6)2 are-117.0855708,-116.7824266,-230.4237096,-347.5149617,-347.5149035,-347.5188895, and-464.6122129,
respectively. The binding energies (kcal/mol) of C are 3.7 and 14.9, assuming the reactions C6H6

+• + C3H6 ) C6H6
+•(C3H6), and C6H6 + C3H6

+•

) (C6H6 (C3H6))+•, respectively. The binding energy of C6H6
+•(C3H6)2 is 5.0 kcal/mol, assuming the reaction C6H6

+•(C3H6) + C3H6 ) C6H6
+•-

(C3H6)2.
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C, the CdC bond is longer (1.400 Å) than that in neutral
propene (1.322 Å) but similar to that in the propene cation
(1.408 Å). The C-C bond is also shorter (1.471 Å) in isomer
C than that in neutral propene (1.502 Å) but is again similar to
that in the propene cation (1.471 Å). These changes in the
propene geometry reflect the charge transfer from the benzene
radical cation to propene. In addition to the differences in charge
distributions between the three isomers, isomer C is lower in
energy than isomers A and B by 2.5 kcal/mol.

Proceeding to C6H6
+•(C3H6)2, we calculated a structure based

on adding a second propene molecule to the low-energy isomer
C of the C6H6

+•(C3H6) dimer. Figure 6 shows that some
additional charge is transferred to the ligands, and the charge
on benzene decreases from 0.09 in C6H6

+•(C3H6) to 0.05 on
C6H6

+•(C3H6)2. The first propene bears most of charge (83%)
in the complex, while the second propene molecule assumes
12% of the charge. Correspondingly, the geometry of the first
propene molecule remains similar to that of the propene cation,
while the second propene has a geometry similar to neutral
propene. The Bz+•(Pr)2 trimer has a conformation with
the terminal olefinic propene groups near each other, which
can lead to head-to-head dimerization, forming the
CH3CH2CHCHCH2CH3

+• product ion. The corresponding hex-
ene has an IE of 8.83 eV (E conformation) or 8.95 eV (Z
conformation),13 which is lower than the IE of C6H6, and
therefore it can extract the full charge from the Bz+• core ion.

In the case of ethylene, Figure 7 shows two isomers of the
Bz+•(Et) adduct. In isomer A, the ethylene molecule is located

above the benzene ring, while, in isomer B, the ethylene is
located in the plane of the benzene ring and hydrogen-bonded
to Bz+• with 90° dihedral angle. In isomer B, the benzene
hydrogen is in mid position between the two ethylene carbon
atoms. The energy of isomer B is slightly lower (by 0.36 kcal/
mol) than that of isomer A.

In contrast to isomer C of the Bz+•(Pr), where most of the
charge is located on the propene molecule, in Bz+•(Et), 97% of
the charge remains on the benzene ring. Correspondingly, in
Bz+•(Pr), efficient charge transfer causes Pr to assume ion-like
geometry, whereas, in Bz+•(Et), inefficient charge-transfer
allows Et to remain similar to neutral ethylene. The difference
between charge transfer in Bz+•(Pr) and Bz+•(Et) parallels the
difference in reactivity for ACT condensation and demonstrates
the significance of charge transfer in the complex to activate
the reaction.

IV. Conclusions

In this paper, we examined the mechanism of a new class of
reactions, ACT reactions. We suggested that the reactions are
activated by partial charge transfer to the polymerizable ligand
in the benzene+•(propene) dimer. The present calculations
confirmed significant charge transfer in benzene+•(propene) but
not in benzene+•(ethylene). Correspondingly, dimerization is
activated with propene but not with ethylene ligands. These
observations confirm that the polymerization of the ligand in
ACT reactions is activated by partial charge transfer from the
core ion.

The reaction proceeds with slow bimolecular kinetics and
negative temperature coefficients similar to those of the bimo-
lecular reactions of hindered reagents. The similar kinetics here
indicates that the products are formed through a sterically
constrained low-entropy (low-density-of-states) transition state.
The lack of pressure dependence of the rate constant and of the
product distribution and the lack of temperature effects on the
product distribution further indicate that the rate is limited by
the unimolecular rearrangement of the initial reaction complex,
which is subject to steric constraints. The ab initio calculations
show that the steric constraints correspond to a specific
conformation of the benzene+•(propene) that is required for
efficient charge transfer in the complex. The low conformational
entropy of the reactive complex leads to kinetic effects similar
to those in sterically hindered systems.

Extrapolating the negative temperature coefficient suggests
that the reaction will change from slow to fast kinetics below
100 K. Fast kinetics at low temperatures suggests that ACT
may initiate polymerization in low-temperature astrochemical
environments. For example, benzene is present in protoplanetary
nebulae,28 and polycyclic aromatic hydrocarbons (PAHs) are
present in interstellar clouds.15,29 Their ions may initiate the
polymerization of unsaturated molecules that condense on the
ions. In this manner, ACT reactions of ionized benzene and
PAHs can catalyze the formation of complex interstellar
molecules.
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